The objective of this paper is to present a probabilistic method of analyzing the combinations of snow and wind loads using meteorological data and to determine their combination factors. Calculations are based on data measured at twelve Polish meteorological stations operated by the Institute for Meteorology and Water Management. Data provided are from the years 1966 -2010. Five combinations of snow load and 10-minute mean wind velocity pressure have been considered. Gumbel probability distribution has been used to fit the empirical distributions of the data. As a result, the interdependence between wind velocity pressure and snow load on the ground for a return period of 50 years has been provided, and the values of the combination factors for snow loads and wind actions are proposed.
INTRODUCTION
Various combinations of actions have to be taken into consideration in structural design calculations, and they usually contain two climatic actions: snow and wind loads. According to the current codes of practice it is assumed that characteristic values of each action separately may be exceeded in a particular year with the probability of 0.02 [1] [15 -17] , thus their return period is equal to 50 years. The probability that the characteristic values are exceeded for both actions simultaneously, i.e. snow load and wind load, in a particular year is equal to 0.02 2 = 0.0004, and the
ANALYZED COMBINATIONS OF SNOW AND WIND LOADS
When analyzing climatic actions, the annual observation period should be assumed as equal to the climatic year starting on October 1 st and ending on September 30 th . With this assumption, the maximum winter snow load on the ground is also the maximum annual value considered. Maximum wind speeds, 10-minute mean values, subject to probabilistic analysis to define a design value, occur in Poland (and other Central European countries) from autumn to spring. According to recommendations given by the Eurocode [14] these have been used to determine the characteristic values of wind velocity in the Polish National Annex. Therefore, in the case of wind actions, the assumption that the annual observation period starts on the first of October and ends on the thirtieth of September is justified as well. Such givens are much better than analyzing annual wind maxima using calendar years. In the case of snow loads it would be simply impossible, as every winter would need to be divided into two sections. Five combinations of snow and wind actions have been considered [28] . The maximum annual values are of key importance: the snow load on the ground and the 10-minute mean wind speed at anemometer height, regardless of the wind direction and the type of the terrain.
Combination 1: maximum annual snow load and wind speed values, measured in the same climatic year but not at the same time. The forecast values may be exceeded once during the T time, in the same climatic year but not on the same day. This is an extreme case, which constitutes the upper limit of all possible combinations.
Combination 2a: maximum annual snow load and the 10-minute mean, maximum daily wind speed value (selected from the values recorded every hour), measured on the same day as the snow load.
Combination 2b: maximum annual snow load and the 10-minute mean, maximum daily wind speed value measured over a 15-day period, with the day on which the maximum annual snow load was measured falling in the middle of the period. It was assumed, quite arbitrarily but based on earlier analyses [26 -27] , that the snow cover whose weight is not much lower than the maximum annual measured value, may remain for two weeks; one week before and one week after the maximum value was measured. A similar approach can be found in the paper of Wang and Rosovsky [22] . As it was shown [26 -27] , maximal values of winter snow loads usually persist over a period of two, three, or four days. Moreover, snow load increases rather slowly, yet decreases faster. For this reason the aforementioned assumption may be considered as a conservative one.
Combination 3: the 10-minute mean, annual maximum wind speed, and snow load measured on the same day. In this combination the snow load was often missing as there was no snow cover; in the analysis the snow load was assumed to be S = 0 kN/m 2 .
Combination 4: the 10-minute mean, annual maximum wind speed, and snow load measured on the same day, provided that there was a snow cover present. In this combination snow loads were analyzed only if S > 0.
ASSESSMENT OF THE CORRELATION BETWEEN ANALYZED DATA
An important element of the analysis of the data is evaluation of the correlation, i.e. determining whether the analyzed values are independent or mutually correlated. An evaluation of the correlation between snow load and wind speed is shown in Figures 2 and 3 Consequently, it may be assumed that in all the analyzed combinations the two random variables (the snow load on the ground and the wind speed) are not correlated.
METHOD OF ANALYSIS
The task set consists of finding values of snow load on the ground ST and wind speed VT which are simultaneously exceeded once in T years.
If it is assumed that in the observation period both snow cover and wind are present and the probability density functions for snow load f1(S) and wind speed f2(V) are known, then the probability that the wind speed V is within the range of V1 < V d V2, when the snow load on the ground is in the range of S1 < S d S2 is equal to [18] [19] :
. From the standpoint of the safety of a structure, it is important to determine such combinations of the snow load and the wind load which will be exceeded, with an acceptable probability in the assumed reference period. Usually, it is assumed that the probability of exceeding the characteristic value in the reference period of one year is equal to 0.02; thus, the frequency of such an event is once every 50 years. Other assumptions can of course be made, if they are accepted by appropriate authorities.
If P(ST,VT) is the probability of an event where the ST and VT values are exceeded simultaneously in the T period, this condition can be written down as
If the f1(S) and f2(V) functions are integrable and their distribution functions are written as F1(S) and F2(V), then the probability of an event where the ST and VT values are exceeded simultaneously is
The task is to determine which values of ST and VT are exceeded simultaneously in the assumed return period of T years, i.e. to determine the boundary distributions of probability of the snow load on the ground and the wind speed. For this purpose, equation (3) must be solved taking into account the form
Assuming that the boundary distribution is the Gumbel distribution [4] and using the distribution function in Eq. 
This equation must be solved to determine one of the variables in the second function, e.g. the wind speed as a function of the snow load.
Transformation of Eq. (4.7) results as follows (4.8)
In these Equations, αs and Us are parameters of the Gumbel distribution of the maximum annual values of the snow load on the ground, and αv and Uv are the Gumbel distribution parameters of the maximum annual or daily (depending on the combination in question) 10-minute mean wind speeds. They can be determined using one of the applicable methods, for example the maximum likelihood method.
The reference value of an action comparable to the snow load on the ground is the wind velocity In the analysis of combination 3 a significant difficulty appears: the maximum wind speeds of the annual observation periods, i.e. periods starting on October 1 st and ending on September 30 th , very often occur when there is no snow cover, in November, for example. This leads to interpretative problems, whose solution may be attempted using combination 4.
In this combination, the frequency of cases where there is no snow cover can be expressed as Taking into account periods with no snow cover, the probability that the snow load Sp is not exceeded can be calculated using the following equation 
Using the Gumbel distribution to approximate both empirical distributions according to Eq. (4.6), one can present Eq. (4.13) in the following form:
Instead of Eq. (4.8), one can obtain:
The parameters of the Gumbel distribution are estimated based on measurement data recorded on days with the snow load value S > 0.
The wind speed obtained through Eq. (4.15) can be transformed into velocity pressure, in a way that is similar to the recalculation of Eq. (4.8).
In the case of combination 2a, the three-parameter Weibull distribution can sometimes be more appropriate for the approximation of the empirical distribution of the wind speed; in this case Eq.
(4.8) takes another form. As a result of the approximation of the measured data using the latter distribution, one obtains smaller forecast values of the wind speed than when the Gumbel distribution is applied.
ANALYSIS OF MEASURED DATA: SCOPE OF CALCULATIONS AND

PRESENTATION OF RESULTS
The data obtained from the twelve meteorological stations shown in Fig. 1 and in Table 1 wind velocity and daily measurements of the snow cover. However, the water equivalent was measured every 5 days, but also after new snowfall and during the days of towing. Since the 1990s the water equivalent is also measured every day. Thus, it may be assumed that any real annual maxima were not missed.
The calculations were performed according to the aforementioned combinations. The parameters of the Gumbel distribution were estimated using the maximum likelihood method. The wind speeds were calculated irrespective of wind direction. The influence of terrain roughness on the wind speed was not considered either; it can be disregarded as in the final analysis the ratio of velocity pressure values is considered. This station is one of the few where the snow load was recorded over ten times simultaneously along with the maximum annual wind speed. During the 44 years of observation, at 12 meteorological stations the annual maximum wind speed and snow load are present simultaneously most often 4 times. As the Gumbel distribution is unlimited on both sides, it may formally be used also when the snow load value is zero.
In combination 4 there is a problem with forecasting the snow load based only on several maximum annual values. Both combinations 3 and 4 were considered and the results are presented in the respective Tables and Figures. The results of the calculations can be presented in the form of three-dimensional drawings, as shown in Fig. 6 , in which on the vertical axis there is the probability of exceedance. Such form of presentation was shown in earlier publications [18] [19] and can also be seen in other articles, e.g. [22] .
The main, target results of the calculations are presented graphically as the interdependence between wind velocity pressure and snow load on the ground for the selected return period. An example of such a graph is shown in Fig.7 for several return periods.
All calculations were performed for the return period of T = 50 years. The examples are shown in Fig. 8 . In the case of combinations 1, 2a, and 2b, three ranges of interdependence between the two variables can be identified. In combination 1, the first range is the characteristic value of the wind velocity pressure qk and the corresponding low value of the snow load on the ground. The next section can be replaced with a straight line which is tangent to the curve determined as a result of the analysis in a way that is similar to that shown in the work on structural safety by Mathieu [8] .
The third section is the characteristic value of the snow load on the ground Sk and the wind velocity The example given pertains to the maximum annual values of wind speeds and snow load occurring in the same observation years, though not at the same time. This is a situation that will not take place in practice. It simply means that once every 50 years the full characteristic value of wind velocity pressure and 23.5% of the characteristic value of snow load, or the full characteristic value of snow load and 42.1% of the characteristic value of wind velocity pressure will occur in the same climatic year but not simultaneously. Curve 1 is a kind of envelope for the possible combinations of snow and wind load. It constitutes a limit beyond which the other curves will not pass.
The characteristic values do not occur in all combinations. For example, in combination 2b the wind speed (and the velocity pressure) which can be exceeded on average once every 50 years does not reach the characteristic value, because it is not the result of an analysis of maximum annual values but of values that are recorded in fifteen-day periods, with the day on which the maximum annual snow load on the ground was observed in the middle. Such values of wind velocity pressure are provided with the 50 index, e.g. q50.
FINAL RESULTS OF THE CALCULATIONS
The final forms of the presentation of results are the values of the combination factors \ 0 , for the snow and wind loads. They are presented in Fig. 10 and should be considered in connection with Fig. 9 . Factor \w,1 shows the ratio of velocity pressure q, which corresponds to the characteristic snow load value Sk in combination 1, to the characteristic value of velocity pressure qk
Similarly, the \s,1 factor shows the ratio of snow load S corresponding to the characteristic value of velocity pressure qk, to the characteristic value of snow load Sk Table 2 . They were calculated based on the data collected at the 12 meteorological stations in three combinations: 1, 2a, and 2b. They are given in relation to the characteristic values of the snow load on the ground and the wind velocity pressure, which are also seen in Table 2 . As mentioned above, the first of the curves, drawn as a result of the analysis of the data for combination 1, constitutes a limit beyond which none of the other curves extends. In the third curve, due to many zero values of snow load on the ground, snow load associated with characteristic values of the wind velocity pressure is very low. For this reason, the maximum value of wind velocity pressure that at S = 0 should be the same as that shown in curve 1, is in fact lower, because the value of q = qk occurs at S < 0, which arises from the form of the straight line of the forecast atln(-ln(F(S) < 0 (see Fig. 5 ).
Combination 2b (curve 2b) was found to be most appropriate; it identifies the interdependence between snow load and the associated wind velocity pressure not more than a week before and a week after the maximum value of the snow load. This interdependence can be presented, in a simplified manner, as three straight lines, similar to curves 1 and 2a. Given the above, one can suggest that the results of the calculations of both combination factors, i.e. the snow load and the wind load, should be equal to \0,s = \0,w = 0.3. The index used here, i.e. "0", was introduced due to the standard of the symbols used in the Eurocode [14] .
The values given correspond to the mean value plus three standard deviations. If the mean values are assumed, then the values would equal \0,s = \0,w = 0.2.
The assumption of the full value of the wind load and \0,s d 0.3 for snow load must be explained.
Combination 2b indicates that in such a situation the wind load is equal (on average) to 0.733 of the characteristic value. However, when three standard deviations (3σ = 0.128) are added to the mean value, then the result is 0.861, which is then rounded up to 1. Consequently, together with \0,s d 0.3 for snow load, the full value of the wind velocity pressure was assumed.
The above-mentioned values were assumed based on the results of the analysis of data in combination 2b, i.e. the data recorded as the maximum annual snow load on the ground and the 10-minute mean wind speed, the highest recorded over a period of 15 days, with the day on which the maximum annual snow load was obtained falling in the middle. However, it must be emphasized that maintaining a value close to the maximum for two weeks is very rare. Such situations may take place in parts of Poland considered as snow load zone 3 or higher, where the average period of snow cover lingering is no shorter than 70 days; in the north-east region and the mountains.
Consequently, the assumption that combination 2b is most appropriate for the purpose of determining the combination coefficients can be considered as conservative. An analysis of the results of the calculations according to combination 3 leads to the conclusion that the characteristic value of wind velocity pressure could not be related to snow load. The assumption of full wind load simultaneous with 30% snow load is a conservative proposition as well.
The results obtained according to combination 4, in most cases, are within the limits defined in combination 2b and sometimes go beyond; at low values of snow load, wind velocity pressure values are higher than those in combination 2b. It would be interesting to see the results of the analysis of data measured at meteorological stations located in the mountains, where the duration of snow cover is longer than in other parts of Poland. The interdependence between snow load on the ground and wind velocity pressure for a return period of 50 years was shown. The formula illustrated here can be applied to perform similar calculations for different return periods.
CONCLUDING REMARKS
Some comparisons with other provisions may be interesting.
As per the American Standard [1] , in the method of load and resistance factor design (LRFD) there are seven combinations of loads from which four may be considered for comparisons. They are as Numeral coefficients for snow and wind loads (except for the last one) are 0.5. However, this value is a product of safety and combination factors. If the safety factor is assumed to equal 1.4, the combination factor would then equal 0.36, which is not so far from the calculations presented above.
The Eurocode recommends that a combination of actions must be taken into account:
x the design value of the leading variable action and
x the design combination values of the accompanying variable actions.
The combination of actions presented in the Eurocode [14] (containing Eq. 6.10) includes one leading variable action of full design value, and a sum of the design values of the accompanying variable actions, multiplied by the combination factors. This combination is presented as follows
where: G -is a permanent action, P -is a prestressing action, if any is present, Q -is a variable action, J -is a partial factor for relevant action, \0 -is a factor for combination values of a variable action, and "+" implies "to be combined with". According to the above-presented equation, the design value of the variable leading action is the product of the characteristic value Qk,1 and the relevant partial factor JQ,1 (partial safety factor). The design value of the accompanying variable action is included in the combination of actions as the product of the characteristic value Qk,i, the partial factor JQ,i, and the combination coefficient \0,i.
The following values of the \0 factor are given in the Eurocode [14] : snow load \0 = 0.50 (at the altitude of A d 1,000 m above sea level) and wind load \0 = 0.60.
The values of the \0 factor proposed here are lower than those given in the Eurocode, namely:
x for snow load \0,s = 0.30
x for wind load \0,w = 0.30. This value, the same for snow and wind actions, may be used when designing structures situated at altitudes not higher than 300 m above sea level, which cover the majority of Polish territory.
An analysis of data from a larger number of meteorological stations would probably enable the assumption that in lowland areas (A d 300 m above sea level) the characteristic value of the wind load is part of the combination without the characteristic value of the snow load. Table 2 demonstrates that the values of the combination factors do not depend on the characteristic values of the snow or wind load, nor do they depend on the zones of both of these loads.
It is intended that the value of \0 = 0.30 will be recommended to the Polish National Annex to the Eurocode, i.e. PN-EN 1990 :2002 . It is also assumed that the presented method could be used in other Central European countries with similar climatic conditions. 
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